Most existing antibiotics were discovered through screens of environmental microbes, particularly the streptomycetes, for the capacity to prevent the growth of pathogenic bacteria. This "activityguided screening" method has been largely abandoned because it repeatedly rediscovers those compounds that are highly expressed during laboratory culture. Most of these metabolites have already been biochemically characterized. However, the sequencing of streptomycete genomes has revealed a large number of "cryptic" secondary metabolic genes that are either poorly expressed in the laboratory or that have biological activities that cannot be discovered through standard activity-guided screens. Methods that reveal these uncharacterized compounds, particularly methods that are not biased in favor of the highly expressed metabolites, would provide direct access to a large number of potentially useful biologically active small molecules. To address this need, we have devised a discovery method in which a chemical elicitor called Cl-ARC is used to elevate the expression of cryptic biosynthetic genes. We show that the resulting change in product yield permits the direct discovery of secondary metabolites without requiring knowledge of their biological activity. We used this approach to identify three rare secondary metabolites and find that two of them target eukaryotic cells and not bacterial cells. In parallel, we report the first paired use of cheminformatic inference and chemical genetic epistasis in yeast to identify the target. In this way, we demonstrate that oxohygrolidin, one of the eukaryote-active compounds we identified through activity-independent screening, targets the V1 ATPase in yeast and human cells and secondarily HSP90.
Many drugs have been discovered by screening culture supernatants of environmental microbes for compounds having specific biological activities. 1 Such "activity-guided" screens were the origin of antibacterials such as penicillin, vancomycin, streptomycin, tetracycline, daptomycin, and many others; antifungals such as amphotericin B, nystatin, and others; anticancer drugs such as doxorubicin and dactinomycin; and the immune modulator rapamycin. These compounds are referred to as "secondary" or "specialized" metabolites.
The complete set of secondary metabolites in nature has been referred to as the parvome. 2 Most of the known secondary metabolites were discovered through activity-guided screens against microbes, usually bacterial pathogens. As a result of the scale and success of previous screens, a central problem with this approach is that it results in the very frequent rediscovery of known compounds. Actinomycin D, streptomycin, streptothricin, and tetracycline can be expected to constitute 1-10% of the hits in typical activity-guided antibacterial screens. Chloramphenicol, cycloheximide, vancomycin, and erythromycin are also very common. 3, 4 Genome sequencing has however revealed that most actinobacteria such as the streptomycetes, encode 20-50 secondary metabolic biosynthetic gene clusters. 5 Despite advances in in silico analysis, 6 the chemical structures and biological activities generated by many of these pathways are unknown. These "cryptic" secondary metabolites are believed to represent an important opportunity for drug discovery. [7] [8] [9] It is possible that the cryptic biosynthetic genes are simply not expressed at high levels during laboratory culture. In contrast, many of the known compounds are highly expressed, perhaps as part of the developmental life cycles of these microorganisms. 10, 11 Indeed, it is possible that the biological activities of the highly expressed compounds could mask the presence of low abundance compounds. For example, if an extract contained an abundant known antibiotic and a low abundance novel antibiotic, it might be difficult to recognize the presence of the new compound. Under these circumstances, the presence of a mass that matches a known molecule could easily lead an investigator to miss the novel molecule. Because of these problems, simple activity-guided screening of this kind has been largely discarded for secondary metabolite discovery. Genetic tools have been developed to activate the cryptic biosynthetic genes; 7, 12, 13 however, these approaches are not easily scalable and do not overcome the masking of induced bioactivities by those that are already expressed. An unbiased discovery regimen permitting the detection of low abundance secondary metabolites without requiring prior knowledge of their biological activities could lead to the discovery of many unknown compounds of potential utility.
Identifying the molecular targets of newly purified metabolites is also a significant challenge. Chemical-genetic epistasis in model organisms has been established as a method of choice for identifying target pathways in bacteria 14 and yeast 15 but does not necessarily yield direct molecular targets. New methodology for efficiently identifying the targets of these compounds would therefore be an excellent companion technology for an unbiased screening regimen.
We report new approaches to both of these challenges. First, we have used a synthetic "elicitor" of secondary metabolism called Cl-ARC, a derivative of a previously discovered molecule called ARC2, 16 to enhance the yields of low abundance secondary metabolites. We demonstrate for the first time that Cl-ARC specifically enhances yields of secondary metabolites but has relatively little effect on the rest of the metabolomic profile. The resulting increase in yield makes it possible to distinguish secondary metabolites, without knowing their biological activity, against a background of other material that is present in vast excess. Importantly, this includes secondary metabolites with related activities. To simplify target identification, we report the first combined use of chemical-genetic epistasis and cheminformatic inference. Using this ensemble of approaches, we detected a large number of Cl-ARC-induced secondary metabolites and purified and identified structures for three of them. One of these molecules was active against both bacteria and eukaryotes, while the other two were specifically active against eukaryotes. We then demonstrate that one of the eukaryote-active compounds is an inhibitor of the vacuolar-type ATPase (V-ATPase) and has a secondary activity against HSP90.
This integrated use of unbiased screening and cheminformatic target identification is a broadly applicable solution to two of the central challenges of natural product discovery.
RESULTS AND DISCUSSION

Chemical Perturbation of Metabolism
To develop chemical elicitation as an activity-independent discovery method for secondary metabolites, we examined the effect of 10 μM Cl-ARC ( Figure 1A ) on 50 different strains. Forty wild isolates from the Wright Actinomycete Collection (WAC) 17 were grown on five growth media (MS, MYM, R5M, R2YE, and SAM), and 10 previously sequenced strains were grown on three growth media (MS, MYM, and R5M). All cultures were carried out in the presence and absence of Cl-ARC, in duplicate. Cultures were extracted with n-butanol, and the resulting 920 extracts (460 control and 460 Cl-ARC treated) were subjected to comparative LC-MS analysis. All the effects were reproduced in duplicate extracts.
Examination of the masses in the paired control and Cl-ARC treated extracts revealed at least one elicitor-induced compound in the majority of the strains. We induced 216 compounds corresponding to 46 distinct masses expressed as m/z values (Table S1) 19 These two effects were observed in seven and 19 strains, respectively. Effects on both compound families were observed in six strains ( Figure S1 ).
Growth medium had a complex effect on Cl-ARC action. The elicitor induced the desferrioxamines during growth on R2YE and MS but not on SAM, R5M, or MYM where production of these siderophores was not observed. This is intriguing because it suggests that the production of these siderophores is under a level of control that is distinct from iron availability. In contrast, in three strains, Cl-ARC induced germicidins A and B/C regardless of the culture medium. Cl-ARC effects on the germicidins and desferrioxamines are consistent with our previous work in Streptomyces coelicolor and Streptomyces pristinaespiralis. 16, 20 Aside from the germicidins and desferrioxamines, Cl-ARC induced 109 other compounds ( Figure 2 , Table S1 ). Again, culture medium influenced the impact of the elicitor. We (Table S1 ). In total, aside from the desferrioxamine-and germicidin-like masses, 40 distinct masses were induced in 29 of the 50 strains included in this study ( Figure 2 ). We refer to the collection of induced compounds as the Cl-ARC "elicitome". The fact that identical masses were induced in more than one strain suggested that, for this collection of strains at least, we may be nearing saturation of the Cl-ARC-inducible subset of the parvome.
It is noteworthy that aside from the desferrioxamines and germicidins, none of the Cl-ARCinduced peaks had masses consistent with the known highest frequency compounds. 3 Moreover, while we observed common secondary metabolites like actinomycin D and cycloheximide in control extracts (confirmed by NMR, MS, and UV data), neither was induced by Cl-ARC. This, as well as the LC-MS data that showed that most Cl-ARCinduced peaks were relatively small, demonstrated that Cl-ARC enhances yields of many low abundance compounds.
Cl-ARC Specifically Induces Secondary Metabolites
To determine whether these Cl-ARC-induced masses were secondary metabolites, we selected compounds from three strains for purification, structure elucidation, and biochemical characterization. The compound m/z 575.3736 [M + H] + from S. ghanaensis ATCC 14672 was identified as the 16-membered macrolide oxohygrolidin ( Figure 1B , Figure 3A , Table S2 ). Oxohygrolidin has not been previously reported from S. ghanaensis. 21 Another compound, m/z 308.1850 [M + H] + , was elucidated as the glutarimide polyketide 9-methylstreptimidone 22 from Streptomyces hygroscopicus ATCC 53653 ( Figure 1C , Figure  3B , Table S3 ). One of the related compounds from WAC0256 (described above) was identified using the ACD Structure Elucidator program as the cyclotetralactone dinactin ( Figure 1D , Table S4 ). High-resolution MS and MS/MS data further revealed the other related compounds as the macrotetrolide antibiotics 23 nonactin, monactin, and trinactin, consistent with the inference that they are related molecules differing only in the number of −CH 2 groups at specific locations ( Figure 1D , Figure 3C ).
We examined the effect of varying Cl-ARC concentration on oxohygrolidin yields in S. ghanaensis cultures ( Figure S2 ). The elicitor enhanced yields at concentrations as low as 1-5 μM, and there was a clear dose response effect at higher concentrations. Importantly, other compounds in the control extract (DMSO) were not influenced by the presence of the elicitor at any concentration measured. This supports the idea that the effect of the elicitor is restricted to a specific set of otherwise low abundance secondary metabolites. As far as we know, Cl-ARC is the first example of a synthetic compound having this capacity. These results suggest that the use of a chemical elicitor in an unbiased screening regimen can open up poorly sampled chemical diversity to purification and molecular characterization.
Unbiased Screening Reveals Low-Abundance Compounds Missed in Activity-Guided Screens
To compare activity guided screening with the unbiased detection of Cl-ARC-induced compounds, we tested crude extracts from 200 Cl-ARC treated and control cultures for biological activity against Bacillus subtilis, Escherichia coli, and Saccharomyces cerevisiae. We observed cell killing of one or more of the target organisms in 131 out of 400 extracts ( Figure S3 ). Despite the fact that we observed at least one Cl-ARC-induced compound in most strains, the bioactivity of Cl-ARC and control strains were indistinguishable. Activity-based screening therefore did not detect any Cl-ARC-induced antibacterial or antifungal compounds.
We then tested the three compounds that we had purified solely on the grounds that they were induced by Cl-ARC and found that oxohygrolidin and 9-methylstreptimidone inhibited the growth of yeast but not the prokaryotes, while the macrotetrolides (nactins) inhibited the growth of both. The minimum inhibitory concentrations of oxohygrolidin and 9-methylstreptimidone were 64 and 32 μg/mL against S. cerevisiae, respectively. This demonstrates that unbiased screening for elicitor-induced secondary metabolites overcomes the masking of low abundance compounds by common, high abundance compounds. While the antimicrobial activities of the Cl-ARC treated and control extracts were the same (due to constitutively produced, high abundance compounds), simply purifying the Cl-ARC-induced compounds allowed us to detect oxohygrolidin, 9-methylstreptimidone, and the nactins. Indeed, the control extracts from S. hygroscopicus ( Figure 3B ) and WAC0256 ( Figure 3C ) contained high concentrations of deoxynigericin and cycloheximide, respectively, neither of which was influenced by the elicitor and which were presumably the activities we detected in screening of these extracts for bioactivity.
Target Network Inference by Chemical-Genetic Profiling in Yeast
Most known antifungals target the fungal cell wall. The molecular targets of 9-methylstreptimidone and oxohygrolidin are unknown, while the nactins have been described as ionophores. 24 To identify a target pathway for oxohygrolidin, we exploited its specific activity against S. cerevisiae. It has been previously demonstrated that yeast strains bearing null mutations in genes encoding dispensable elements of a pathway exhibit altered susceptibility (hypersensitivity or resistance) to chemical inhibitors of the pathway's essential components, and this chemical-genetic epistasis has been exploited to identify target pathways of experimental drugs. 25 We therefore screened a library of 4309 S. cerevisiae strains each bearing a null mutation in one dispensable gene and identified 13 mutants that were hypersensitive to oxohygrolidin ( Figure 4A ).
To explore the relatedness of the mutations in these strains, we constructed a network map of their interactions. The resulting network revealed a high density of relatedness among these 13 genes ( Figure 4B , Table S5 ) including many genes that are clearly involved in vesicle-mediated trafficking. The gene VPS1 encodes a dynamin-like GTPase involved in vacuolar sorting, cytoskeleton organization, endocytosis, and other vesicle functions. 26, 27 VPS9 encodes a guanine nucleotide exchange factor (GEF) involved in Golgi-endosome trafficking and sorting. 28 The target guanine nucleotide binding proteins are members of the Rab family including Vps52; mutations in the VPS52 gene were also sensitized to oxohygrolidin. 29 VPS53 encodes a component of the Golgi-associated retrograde protein (GARP) complex that is required for the recycling of proteins from endosomes to the late Golgi. 29 This relatedness argued that the data are biologically relevant and that oxohygrolidin specifically targets intracellular trafficking.
To identify a molecular target for oxohygrolidin, we used the similarity ensemble approach (SEA). 30 This and related approaches [31] [32] [33] [34] [35] infer targets based on the similarity of a bait compound to known ligands of over 2500 targets in databases such as ChEMBL 36 or WOMBAT. 37 The method, as described previously, 30, 38 compares the topology of a bait ligand (oxohygrolidin in this case) to those of the known ligands for each of over 2500 targets. Tanimoto coefficients are measured to all ligands for any given target; these values are summed and compared with what would be expected for a ligand set of the same size but drawn at random from the entire library, here, for instance, ChEMBL. From the ratio of the summed Tc values to those expected at random, and their standard deviations, we can calculate Z-scores. By co-opting the BLAST statistical machinery, 30 the method then generates expectation values. The method has been tested by prospective prediction with over 200 compounds and confirmed against multiple unrelated targets: 30, [39] [40] [41] [42] [43] overall, roughly half of the predictions have been confirmed experimentally. This rate is far above random, though admittedly almost all of the molecules tested have been synthetic, medicinal-chemistry like molecules, not the more functionally complex natural products like oxohygrolidin. Importantly, SEA provides evidence for target relationships that is orthogonal to that of chemical-genetic epistasis, and it occurred to us that combining these two approaches would be particularly powerful.
When we undertook a SEA screen of the ChEMBL12 database, we found that oxohygrolidin closely resembled two putative targets: the 100 nM (or better) ligand set of the vacuolar ATP synthase, with an E-value of 10 −45 , and the 100 nM (or better) ligand set of HSP90, with an E-value 10 −40 ; no other targets were predicted at any significant E-value (similar results were found using ChEMBL20, Figure S4 ). The vacuolar ATP synthase caught our attention because of its role in organelle transport, especially vesicles, a function that is consistent with the chemical genetic epistasis network. Oxohygrolidin shares structural similarity with bafilomycin, a known V-ATPase inhibitor; however, such similarities can often be misleading. We therefore tested both predictions.
Oxohygrolidin Can Target V-ATPase and HSP90
To test the in silico target prediction of oxohygrolidin, we carried out in vitro assays with purified yeast vacuolar-type ATPase (V-ATPase) and HSP90. ATPase activity was monitored with an enzyme-coupled assay in which ATP hydrolysis is coupled to oxidation of NADH via an ATP regenerating system. Similar to the chemical probes bafilomycin A1 and concanamycin A known to target this enzyme, we found that oxohygrolidin essentially eliminated enzyme activity at 1 μM and had an estimated IC 50 value of 0.25 μM ( Figure 5 ). Conversely, 10 μM oxohygrolidin did not inhibit the yeast mitochondrial ATP synthase (data not shown), consistent with its specific inhibition of the V-ATPase.
To determine whether oxohygrolidin was active against the V-ATPases in higher eukaryotes, we examined its effect on lysosomal acidification in human cells, one of its known in vivo roles. We used fluorescent LysoTracker probes, which accumulate and fluoresce inside the lysosomal lumen when it is acidified, to compare the effect on HeLa cells with that of the known V-ATPase inhibitor concanamycin ( Figure 6 ). Both compounds prevented the accumulation of the fluorophore in the lysosome in comparison to the control cells at 500 nM and to some extent at 100 nM ( Figure 6 ). These results demonstrate that oxohygrolidin inhibits both yeast and mammalian V-ATPases as predicted.
To test the secondary target predicted for oxohygrolidin, HSP90, we investigated its ability to inhibit human HSP90α ATPase activity in an ATP/NADH coupled assay. Oxohygrolidin inhibited HSP90 with an IC 50 of about 50 μM. Bafilomycin A1 and concanamycin A also inhibited the enzyme at similar levels ( Figure 7) . In contrast, these natural products did not have a strong effect on the yeast HSC82 ATPase at 25 μM, suggesting that the inhibition of HSP90, though weak, is specific. These experimental observations are consistent with the SEA predictions of V-ATPase and HSP90 as primary and secondary targets for oxohygrolidin, respectively. Indeed, this work is also the first report of HSP90 as a secondary target of bafilomycin A1 and concanamycin A in addition to their primary target in the V-ATPase.
In sum, we have shown that chemical elicitation can be used to reveal secondary metabolites in complex mixtures of cellular material. We focused on Cl-ARC, one of at least 15 known elicitors, and showed that it preferentially elevates yields of selected low abundance secondary metabolites. Crucially, aside from the germicidins and desferrioxamines, most of the compounds in the Cl-ARC elicitome are rare or unknown metabolites that were expressed at low levels. Common, high yield antifungals such as cycloheximide and actinomycin D did not respond to the elicitor. The specific induction of otherwise poorly expressed metabolites by Cl-ARC allowed us to develop a discovery method for natural products that is unbiased by the biological activity of the products themselves. Indeed, whereas most screening of streptomycetes has been aimed at finding antibacterials, we identified two eukaryote-active compounds and one ionophore in this way. Furthermore, the elevated yields of the elicitor-induced compounds made it easier to purify sufficient quantities so that we could structurally characterize three of them. Because the molecular target of Cl-ARC (FabI) is itself very highly conserved in the Actinobacteria, we anticipate that this elicitor will have similar effects on the secondary metabolites in most bacteria. It will therefore be important to explore the effect of Cl-ARC-assisted, unbiased screens to bacterial species isolated from novel environments. For example, applying Cl-ARC to species from marine sediments such as Salinispora 44 and diverse, taxonomically novel endosymbionts of marine invertebrates such as sponges 45 would be of considerable interest.
The use of cheminformatic target identification in tandem with yeast chemical genetic epistasis proved to be a powerful and complementary means of rapidly characterizing the mode of action of newly purified compounds. Yeast chemical-genetic epistasis indicated a possible target pathway for oxohygrolidin, vesicle-mediated trafficking, but did not identify a specific target. The chemical structure of oxohygrolidin resembles very closely bafilomycin, a plecomacrolide known to prevent translocation of protons across membranes by inhibiting the enzyme V-ATPase. However, compounds that share structural similarities may not always exhibit the same mode of action. Conversely, the similarity ensemble approach suggested two possible direct targets, the vacuolar ATPase and HSP90, but could not distinguish which of these was the most biologically relevant. Combining these two inferences clearly favored the first of the two, and the in vitro and in vivo assays confirmed that the V-ATPase is likely to be the direct target while HSP90 is a secondary target. Indeed, perusal of the chemical genetic epistasis data suggested that the in vitro HSP90/ oxohygrolidin interaction is not likely to be biologically relevant at least under normal growth conditions. For example, of the strains illustrating altered sensitivity to oxohygrolidin, none had mutations in genes directly involved in heat shock and the unfolded protein response. In contrast, many of the sensitizing mutations were in genes directly involved in cell biological processes that depend on the V-ATPase.
This work represents the first exhaustive investigation of the collection of secondary metabolites induced by a chemical elicitor, validating this approach to natural product discovery. As our collection of chemical elicitors expands, it should be possible to activate the production of most or all of the secondary metabolites in any given strain, ultimately making it possible to rapidly identify many cryptic secondary metabolites in many bacterial species. Pairing this with the use of the SEA approach and chemical genetic epistasis in model systems would, in turn, connect each new natural product to a specific molecular target and biochemical pathway.
METHODS
See Supporting Information for experimental details.
Bacterial Strains, Culture Conditions, and Compounds
Fifty strains were used for screening with Cl-ARC. The strains were grown on five different solid media (R5M, MYM, MS, R2YE, or SAM) for 7 days at 30 °C. Cl-ARC (N-[4-(4-chlorophenoxy)-phenyl]-acetamide, C 14 H 13 NO 2 Cl) was synthesized previously as described by Craney et al. 16 The antibiotics concanamycin A, bafilomycin A1, and G-418 were purchased from Santa Cruz Biotechnology.
Comparative Metabolite Profiling by LC-MS Analysis
Strains were inoculated in the presence of either DMSO or 10 μM Cl-ARC in duplicate. Crude extracts were prepared and subjected to LC-MS analysis using an Agilent 1200 series LC system coupled to a Bruker micrOTOF II with an electrospray ionization source. The metabolite profiles were compared using the MZMine 2.10 software. 46 
Isolation, Purification, and Structure Elucidation of Compounds
Crude butanol extracts were prepared from 7-day old agar cultures of S. ghanaensis ATCC 14672, S. hygroscopicus ATCC 53653, and WAC0256. The extracts were subjected to prefractionation and purification using an Alliance 2695 HPLC series (Waters). Highresolution ESI-MS was performed on Waters Micromass Quattro Ultima and Xevo G2-S QTof mass spectrometers. One-and two-dimensional NMR data were acquired on a Bruker Avance III 700 MHz NMR spectrometer equipped with a 5 mm QNP cryoprobe, operating at 700.17 MHz for 1 H NMR and 176.08 MHz for 13 C NMR. The ACD Structure Elucidator software 47 was used to elucidate the structure of dinactin.
Antibacterial and Antifungal Activity Testing of Extracts and Compounds
Crude extracts and purified compounds were tested by Kirby Bauer disk diffusion assay against Bacillus subtilis 168, Escherichia coli K-12, and Saccharomyces cerevisiae Y7092.
Minimum inhibitory concentration for oxohygrolidin against S. cerevisiae was determined using the standard microtiter broth dilution assay.
Chemical-Genetic Profiling in Yeast
A library of S. cerevisiae haploid deletion mutants (4309 strains) from BY4741 (MATa his3Δ1 leu2Δ0 ura3Δ0 met15Δ0) were a gift from Brenda Andrews (University of Toronto). The mutants were pinned on 384-agar array plates containing either DMSO or oxohygrolidin. Strains that showed hypersensitivity to oxohygrolidin were further tested by serial spot dilution assay. A yeast interaction network was constructed using the GeneMania program. 48 
Target Prediction by the Similarity Ensemble Approach
The SMILES string for oxohygrolidin was used for a SEA (http://sea.bkslab.org) screen of the over 3000 targets in the ChEMBL12 database. 36 Targets with highly significant E-values against ligand sets, where binding was defined as 100 nM or better, were prioritized for testing.
V-ATPase Inhibition Assay
V-ATPase was purified as described previously 49 from the yeast strain SABY31. The activity of the V-ATPase in the presence of oxohygrolidin, concanamycin A, and bafilomycin A1 was determined with an enzyme-coupled ATPase assay. 50 
LysoTracker Red Staining Assay
HeLa cells were treated with oxohygrolidin and concanamycin A and stained with LysoTracker Red DND-99. LysoTracker Red was visualized using a diode-pump solid-state laser at 561 nm (Spectral Applied Sciences). Post acquisition cells were selected using the region of interest (ROI) tool in Volocity, and the total fluorescence/cell was determined.
HSP90 ATPase Assay
The ATPase activity of human Hsp90α in the presence of oxohygrolidin, concanamycin A, and bafilomycin A1 was measured using an ATP/NADH coupled assay. Comparative metabolite profiling by LC-MS analysis. All strains were grown for 7 days in the presence of either DMSO (blue) or 10 μM Cl-ARC (red). The following induced compounds were observed: (A) oxohygrolidin from S. ghanaensis ATCC 14672, (B) 9-methylstreptimidone from S. hygroscopicus ATCC 53653, and (C) nonactin from WAC0256. Deoxynigericin and cycloheximide production were not affected by Cl-ARC. Inhibition of yeast V-ATPase activity. Activity was measured by the rate of NADH loss in an enzyme-coupled assay. Oxohygrolidin (black bar) inhibited V-ATPase comparable to the plecomacrolides, bafilomycin A1(dotted bar), and concanamycin A (hatched bar). Inhibition of human HSP90α ATPase activity in the presence of oxohygrolidin (black bar), bafilomycin A1 (dotted bar), and concanamycin A (hatched bar). Activity was measured using an ATP/NADH-coupled assay. DMSO (gray bar) and radicicol (20 μM, striped bar) were used as negative and positive controls, respectively. 
